Osteogenic cell signaling pathway disruption varies among bone diseases. This investigation was designed to identify adipose-derived multipotent stromal cell (ASC) and bone graft scaffold combinations for local, targeted restoration of gene expression and extracellular matrix (ECM) deposition. Human ASC osteogenesis on bone graft materials was quantified following culture in stromal (S), osteogenic (O), or osteogenic for 48 h followed by stromal medium (OS) to test the two-part hypothesis: (1) identical ASC isolates on distinct bone graft scaffolds demonstrate unique viability, differentiation, ECM production, and gene expression in the same culture conditions; (2) identical ASC-bone graft scaffold combinations have different cell viability, differentiation, ECM production, and gene expression when cultured in S, O, or OS medium. Three commercially available bone graft scaffold materials, type I bovine collagen (C), hydroxyapatite + b-tricalcium phosphate + type I bovine collagen (HT), and b-tricalcium phosphate + type I bovine collagen (CT) were evaluated. Passage 3 ASCs were loaded onto scaffold blocks with a spinner flask bioreactor, and constructs were cultured up to 28 days. , as well as ECM DNA, collagen, sulfated glycosaminoglycan, and protein content were quantified. Matrix organization was evaluated with scanning electron microscopy. Effects of scaffold, medium, or culture duration on cell viability were minimal. Significantly higher initial ALPL expression decreased with time, while BGLAP expression increased in HT constructs in O medium, and the constructs had the most abundant ECM components and ultrastructural organization. There was a similar, although delayed, pattern of gene expression and greater ECM collagen with less organization in C constructs in O medium. Higher CNR1 expression in C versus higher TNFRSF11B/TNFSF11 expression in HT constructs throughout the study support stimulation of unique osteogenic signaling pathways by identical cell isolates. These results suggest that bone scaffold composition may be used to selectively target specific osteogenic cell signaling pathways in ASC constructs to stimulate ECM deposition based on therapeutic needs.
Introduction

B
one grafts are a standard therapy to augment osteogenesis, but autografts can be complicated by limited graft material and harvest morbidity and allografts by disease transmission and immunogenicity. 1, 2 Bone graft substitutes offer plentiful, risk-free options that are not influenced by donor condition. 3 Adipose-derived multipotent stromal cells (ASCs) increase osteoinduction and osteoconduction of commercially available, bone graft substitutes. 1, 4 Advantages such as a greater number and volume of tissue harvest depots, in addition to higher stromal cell density and comparable plasticity to bone marrow-derived multipotent stromal cells (BMSCs), make ASCs an appealing choice for MSC-scaffold constructs. 5 However, recipient factors such as age, sex, and health influence the ability of ASCs to promote bone formation. 6, 7 Customization of ASC-bone graft constructs for individual morbidities will elevate current standards of care.
Osteogenesis is a dynamic, multifaceted process with intersecting cell signaling cascades that direct cell recruitment, differentiation, maturation, and behavior. 8 Bone-forming capacity is reduced by cell signaling pathway modifications from disease or age. [8] [9] [10] Osteoblastic and osteoclastic activity is regulated by the ratio of osteoprotegerin (TNFRSF11B) and receptor activator of nuclear factor kappa b ligand (TNFSF11), and alterations are thought to contribute to abnormal bone healing and maintenance in several bone diseases. 8 Activity levels of cannabinoid receptors type I (CNR1) and II (CNR2) are implicated in age-related changes in bone turnover and mass. [9] [10] [11] [12] Notably, TNFRSF11B stimulation triggers Wnt/b catenin signaling, while the cannabinoid receptors appear to work via adrenergic signaling. 8, 13, 14 This knowledge provides an opportunity to explore targeted restoration of specific osteogenic pathways with ASC-bone graft constructs. Specifically, the ability to confidently restore cell signaling most strongly associated with compromised bone formation of individual patients will contribute to improved and customized treatment options.
Commercially available bone grafts are composed of inorganic and organic components to direct cell differentiation and extracellular matrix (ECM) production. 1, 3, [15] [16] [17] [18] The type and amount of inorganic crystals as well as their ratios to each other and proteins stimulate distinct gene expression. 16, [19] [20] [21] [22] [23] [24] Cells also behave differently on identical scaffolds when cultured in environments designed to maintain a primordial state versus those to promote differentiation and maturation. 25, 26 Mechanisms to ''prime'' cells by short-term exposure to induction reagents may accelerate differentiation stimulated by the scaffold. 27 We propose that it is possible to reproducibly select for specific ASC osteogenesis signaling pathways with scaffold composition and/or culture medium. To evaluate this potential, in vitro human adult ASC viability, gene expression, and ECM deposition and organization was determined on bone graft scaffolds composed of pure type I collagen, type I collagen and one mineral, b tricalcium phosphate, and type I collagen with two minerals, b tricalcium phosphate, and hydroxyapatite (HA). Cell-scaffold combinations were evaluated following culture in stromal (S), osteogenic (O), or short-term osteogenic followed by stromal medium (OS) for up to 28 days. The following two-part hypothesis was tested: (1) Identical ASC isolates on distinct bone graft scaffolds demonstrate unique viability, differentiation, ECM production, and gene expression in the same culture conditions; (2) Identical ASC-bone graft scaffold combinations have unique cell viability, differentiation, ECM production, and gene expression when cultured in S, O, or OS medium. The overarching goal of this investigation was to identify ASC-scaffold combinations for local, targeted restoration of genetic expression and ECM deposition to enhance bone healing in the presence of specific bone pathology.
Materials and Methods
Ethics statement
All the procedures were approved by the Institutional Review Board (Protocol #00006218) and informed consent was obtained before tissue use.
Study design
Commercially available human ASCs (LaCell LLC, New Orleans, LA) were culture expanded to cell passage (P) 3. Cell viability was quantified with confocal laser microscopy immediately after loading and 7 and 14 days of culture. , total collagen) in ASC-scaffold constructs were quantified before and after 7, 14, and 28 days of culture in S, O, and OS medium. Scanning electron microscopy (SEM) was used to assess scaffolds without cells and extracellular matrix on constructs after 7 and 14 days of culture. Specifically, the sample set consisted of ASCs from three donors that were each loaded on three distinct scaffolds and immediately assessed or evaluated after culture in three different media for 7, 14, or 28 days for all measures except cell viability and SEM, which were each performed after the first two. A minimum of three replicates of each assay were performed for all samples.
Scaffold materials
Bone graft scaffolds were composed of type I bovine collagen (C, AviteneÔ UltrafoamÔ; Davol, Inc., Warwick, RI), 15% HA, 85% b-tricalcium phosphate, type I bovine collagen (HT, MasterGraftÔ Matrix; Medtronic Sofamor Danek, Inc., Minneapolis, MN) and 20% type I bovine collagen, and 80% b tricalcium phosphate (CT, Vitoss Ò Scaffold FoamÔ; Stryker Corp., Kalamazoo, MI). Scaffolds were aseptically cut into 5 · 5 · 3 mm (C), 5 · 5 · 5 mm (HT), and 5 · 5 · 4 mm (CT) rectangular blocks for constructs.
Cells
Frozen ASC aliquots (LaCell; LLC, New Orleans, LA) from one male and two females (47.3 -7.0 years (mean -standard error of the mean [SEM]), 28.3 -4.1 BMI) in cryopreservation medium (LaCryoM-100, LaCell, LLC) were used for this study. 28 Aliquots were thawed at 37°C with agitation for 2-3 min, combined with 5 mL of stromal medium (S, DMEM/ F12 [Hyclone, Logan, UT], 10% characterized fetal bovine serum [Hyclone] , and 1% antibiotic [MP Biochemicals, Solon, OH]) and centrifuged (300 g, 5 min). Cells were culture expanded to P3 in S medium (37°C, 5% CO 2 ) with an initial seeding density of 5 · 10 3 cells/cm 2 , medium changes every 3 days and passage at *70% confluence. 29 
Cell loading
Passage 3 ASC suspensions (17.0 · 10 6 cells/120 mL corresponding to 5.7 · 10 4 cells/mm 3 of total scaffold volume) from each donor were loaded onto three scaffolds of each composition on 3, 4-inch-long, 22 g spinal needles suspended from a rubber stopper in 100-mL spinner flasks (Bellco Ò Biotechnology, Newark, NJ). The process was repeated five times for each donor (15 samples/scaffold/donor). Scaffolds were oriented with the shortest dimension perpendicular to the needle long axis. Spinner flasks were maintained in a humidified incubator (37°C, 5% CO 2 ) for 2 h with a magnetic stir bar rotating at 70 rpm. Following cell loading, loading efficiency was calculated from the number of cells remaining in each flask. Samples were evaluated or transferred to one of three media in six-well culture plates (Thermo Fisher Scientific, Waltham, MA): (1) Cell viability was quantified on 20 digital photomicrographs (TIFF, 10 · ) of the construct surface, 250 mm apart, that were generated with a spectral confocal laser scanning microscope digital imaging system (Leica TCS SP2; Leica Microsystems, Buffalo Grove, IL). Constructs were rinsed with phosphate-buffered saline and incubated at room temperature in darkness with assay reagents (Invitrogen LIVE/DEAD Ò Viability/Cytotoxicity kit; Thermo Fisher Scientific) for 30 min. 30 The numbers of live (green) and dead (red) cells in each section were quantified (Image-Pro; Media Cybernetics, Bethesda, MD) to calculate live cell percentage (live cells/total cells · 100) for each construct.
Gene expression (days 7, 14, 28) Total RNA was extracted from cell-scaffold constructs (RNeasy Plus Mini Kit; Qiagen, Germantown, MD) and cDNA synthesized (QuantiTect Reverse Transcription Kit; Qiagen). Quantification of target gene levels (ALPL, BGLAP, CNR1, CNR2, TNFRSF11B, and TNFSF11) was performed with a 384-well plate sequence detection system (ABI Prism 7900HT; Applied Biosystems, Carlsbad, CA) using SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) and validated primer sequences (Table 1 ). The 2
-DDCt values were determined relative to the reference gene glyceraldehyde 3-phosphate dehydrogenase [GAPDH] and target gene expression immediately after cell loading (day 0). The TNFRSF11B/TNFSF11 ratio was determined in individual samples by dividing the TNFSF11B fold change by the TNFSF11 fold change.
Compositional analysis (days 7, 14, 28) Cell-scaffold constructs were lyophilized (-55°C, 0.2 mbar, 4 h) and then incubated in a papain digest (2 mg papain [MP Biomedicals]/g lyophilized sample, 20 mM L-cysteine [MP Biomedicals], 9 mM disodium EDTA [SigmaAldrich], and 3.6 M sodium acetate [Sigma-Aldrich]) at 60°C for 10 h. Following centrifugation of the solution (4000 g, 10 min), the supernatant was collected and stored at -80°C.
Samples were thawed for 1 min in a 37°C water bath immediately before compositional analysis. All assays were performed according to manufacturer's instructions or published methods for microtiter plate analysis and fluorescence or absorbance quantified with a multiwell plate reader (Synergy HT; BioTek Instruments, Winooski, VT). Composition fold change relative to day 0 was calculated as C f /C i (C i : content immediately after cell loading; C f : content after 7, 14, or 28 days of culture).
dsDNA-PicoGreen. Total dsDNA was quantified using a commercially available kit (Quant-iT PicoGreen dsDNA Assay Kit; Thermo Fisher Scientific). Fluorescence was measured at 480 and 520 nm and dsDNA quantified on a lambda DNA standard curve.
Total collagen-hydroxyproline. An equal volume of 6 N HCl was added to samples or serial dilutions of trans-4-hydroxy-L-proline (ACROS OrganicsÔ, Morris Plains, NJ) and incubated overnight at 110°C. 31 Samples were incubated for 5 min at room temperature following addition of 500 mL of oxidant solution (0.178 g Chloramines T in 15 mL of isopropanol and 10 mL of ddH 2 O) and then 25 mL of acetate citrate buffer (120 g sodium acetate trihydrate, 12 mL acetic acid, 50 g citric acid monohydrate, and 34 g NaOH in 1 L ddH 2 O, pH 6.0). Subsequently, 500 mL of Ehrlich's reagent (1 g p-dimethylaminobenzaldehyde (Sigma-Aldrich) in 20 mL isopropanol with 6.6 mL perchloric acid and 15.6 mL ddH 2 O) was added and samples incubated at 60°C for 12 min. Following 4 min of cooling on ice, samples were transferred to a 96 well microtiter plate and absorbance read at 550 nm.
Sulfated glycosaminoglycan-dimethylmethylene blue.
Sodium formate was added to 1, 9-dimethylmethylene blue (DMMB) in ethanol and the pH adjusted to 3.0 with formic acid to create the sGAG assay buffer. 32 Samples were combined with buffer in a microtiter plate and the sGAG concentration determined from absorbance at 520 nm and a chondroitin sulfate standard curve.
Total protein-Lowry assay. Samples were mixed with Biuret's reagent (Sigma-Aldrich) and maintained at room temperature for 12 min. 33 The absorbance at 650 nm was measured after 30 min at room temperature following addition of Folin-Ciocalteu's reagent (Sigma-Aldrich). Total protein concentration was determined on a bovine serum albumin (Sigma-Aldrich) standard curve.
Ultrastructure (days 0, 7, 14)
Individual samples were fixed in 0.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h and then for 48 h in 0.1% osmium tetroxide. They were dehydrated in a series of ethanol solutions (50-100%), and, following critical point drying, sputter coated with gold. Photomicrographs were generated of SEM images (Quanta 200; FEI Company, Hillsboro, OR).
Statistical analyses
All results are presented as least squares mean -SEM. Statistical analyses were performed with commercially available software (SAS 9.4; Institute, Cary, NC). A 3 · 3 · 3 factorial analysis of variance followed by pairwise tests of least-squares means was used to compare gene expression and composition measures among time points, scaffolds, and media ( p < 0.05). Normality and homogeneity of variance were assessed with Shapiro-Wilk tests and residual plots.
Results
Cell viability (days 0, 7, 14)
Overall cell loading efficiency was 80.6% -3.4% and viability was similar among scaffolds immediately after loading (day 0, Fig. 1A ). After 7 days of culture, the percentage of live cells was not significantly different among constructs irrespective of medium (Fig. 1B) . After 14 days, the percentage of viable cells on CT constructs in S medium was significantly lower than C constructs (Fig. 1C) .
Gene expression (days 7, 14, 28) In general, ALPL expression tended to decrease and BGLAP increase with culture time, while COL1A1 increased with culture S medium ( Table 2 and Fig. 2 ). The changes in ALPL and BGLAP expression were most pronounced in HT scaffolds cultured in O medium. Summarily, there was highest expression of ALPL in HT constructs cultured in OS and O media after 7 days of culture. By 14 days of culture, ALPL expression was highest in HT and C constructs in O medium. After 28 days, the highest ALPL expression was in C constructs in O medium. The COL1A1 expression was highest in C and HT constructs in O and OS media after 7 days and in S medium after 14 and 28 days of culture. By day 28, C and HT constructs cultured in O media had the highest BGLAP expression.
With time, CNR1 and TNFRSF11B/TNFSF11 expression tended to increase in constructs cultured in O medium (Table 2 and Fig. 3 ). The CNR1 expression was highest in C constructs in O medium at all time points. Expression of CNR2 was highest in C and CT constructs after 14 days of culture in all media. The TNFRSF11B/TNFSF11 expression ratio was highest in on HT constructs in all media after 14 and 28 days, although the greatest expression was reached after 28 days in O medium.
Compositional analysis (days 7, 14, 28) dsDNA-PicoGreen. The dsDNA fold change tended to remain the same or increase slightly with time (Table 3 and Fig. 4) . It was highest on HT constructs in O medium after 7 days, in O and OS media after 14 days, and in S and OS media after 28 days of culture.
Total collagen-hydroxyproline. Total collagen fold change also increased slightly or remained static with time. Fold change was highest on C scaffolds for all time points and media.
Sulfated glycosaminoglycan-dimethylmethylene blue. The sGAG fold change tended to increase with time in C and HT constructs cultured in O and OS media. It was highest on HT constructs in OS and O medium after 7 days of culture and on C constructs after 28 days of culture in the same media.
Total protein-Lowry assay. Total protein fold change was primarily evident in C constructs, and it was highest on C constructs in S and O media after 14 days and in OS and O media after 28.
Scanning electron microscopy
Following cell loading, collagen fibrils tended to fuse with each other or other scaffold materials (Fig. 5) . Amorphous matrix deposition was apparent in C constructs in S and O medium after 7 and 14 days of culture. In HT constructs, there was considerably more loosely organized, fibrous ECM following culture in S versus O medium and
Cell percentages (LS mean -SEM) for type I bovine collagen (C), hydroxyapatite + b tricalcium phosphate + type I bovine collagen (HT), and b tricalcium phosphate + type I bovine (CT) scaffold-ASC constructs after 0 (A), 7 (B), and 14 (C) days of culture in stromal (S), osteogenic for 48 h followed by stromal (OS) or osteogenic (O) medium. Significant differences are indicated by different column superscripts within graphs ( p < 0.05). ASC, adipose-derived multipotent stromal cell; LS, least squares; SEM, standard error of the mean. the amount increased with culture time. Mineralized scaffold material was most prevalent in CT constructs. The ECM was more fibrous in CT constructs cultured in S versus O medium after 7 and 14 days of culture, but deposition was marginal compared with other constructs. Overall ECM deposition and organization was greatest in HT constructs cultured in O medium for 14 days.
Discussion
The results of this study indicate that HT and C scaffolds in O medium support more robust ASC osteogenesis than CT scaffolds. This was evidenced by early increases in ALPL expression, later increases in BGLAP expression, and ECM deposition and ultrastructure. Similar genetic expression and ECM deposition with higher collagen content on C scaffolds suggest comparable, although potentially slower osteogenesis and a strong propensity for a more fibrous matrix ultrastructure compared with HT scaffolds. A notable distinction between the cell-scaffold constructs was significantly higher CNR1 expression on C scaffolds and TNFRSF11B/TNFSF11 expression on HT scaffolds throughout the majority of the study. Together these results suggest that it is possible to customize ASC osteogenic cell signaling for enhanced bone formation based on bone pathology.
The time course of ALPL and BGLAP expression within HT constructs in O medium is consistent with osteoblastic differentiation and maturation. 34, 35 HA in the HT scaffold may have been responsible for the initial enhanced ALPL expression over the other scaffolds since HA stimulates human ASC and BMSC ALPL expression 36, 37 and ASC osteogenic differentiation. 38, 39 The earliest increase in ALPL expression in this study was in O medium; however, the higher ALPL in HT constructs cultured in OS medium for 7 days and S medium for 14 days further supports the effect of the scaffold on the cells. Increased expression of ALPL and BGLAP in C constructs also suggests that collagen promotes osteoblastic ASC differentiation and maturation in O medium, although potentially not as robustly as HA. 40, 41 This is further supported by lack of a decrease in ALPL expression in C constructs. 30 Genes for this study were selected to distinguish between early osteoblastic differentiation (ALPL), osteoblastic maturation (BGLAP), and osteoblastic activity (COL1A1) for comparisons among treatments. [42] [43] [44] The focus of this study was on early ASC direction and ECM production versus bone formation that is better described by later stage genes. 45 Lower osteogenic gene expression and ECM deposition within CT constructs may be due tricalcium phosphate dissolution based on previous reports of lower proliferation and viability of undifferentiated cells on comparable scaffolds. 46 Since lower cell viability was only detected in S medium after 14 days, cell loss may not be the strongest contributor to the observed differences. Another possibility is that the high mineral content caused cell membrane damage or interfered with cell attachment required for differentiation, maturation, and ECM production. [47] [48] [49] Although surface roughness usually has a positive relationship with osteoblastic differentiation and matrix production, it can be inhibitory beyond a certain point. [50] [51] [52] Genetic expression is a standard mechanism to evaluate and compare cell characteristics that are important to quantify changes induced by medium or scaffold as in this study. 53 Genetic expression does not entirely reflect cell function in terms of matrix production, 54 a central point of directed osteogenesis. 49 ECM production is central to the self-perpetuating cycle of ossification. 55 Determination of differences in ECM content provides a mechanism to assess and quantify the process and provide a more comprehensive evaluation of treatment effects on cell behaviors than genetic analysis alone. 56, 57 Generally, increases in dsDNA suggest cell proliferation associated with lack of differentiation. 49 Proteoglycan, collagen, and protein synthesis occurs throughout ossification primarily from osteoblastic ECM production. 55 As such, the ECM content and ultrastructure help to confirm tissue changes suggested by gene expression.
While there was some evidence of osteogenic stimulation from culture in OS medium, it did not support the same level as continuous O medium culture. The short-term exposure in this study may not have been sufficient to induce osteoblastic differentiation in the entire cell population within the scaffolds since isolates may have contained cells at various stages of differentiation. 27 Nonetheless, there was a genetic effect of short-term osteogenic medium exposure as indicated by higher ALPL expression at day 7 on HT scaffolds cultured in OS versus S medium. Similarly, lower COL1A1 expression on C and HT scaffolds in the OS group that mirrored that of scaffolds cultured in O medium after 14 and 28 days of culture suggest cell maturation. Further support of the impact of OS medium included increased ECM protein, sGAG, collagen, and dsDNA over S medium at various points in the study. The variable increases in osteogenic gene expression and ECM components are consistent with a cell population with variable maturity. 58 Nonetheless, the observed genetic upregulation and increased ECM components confirm that there is some benefit to short-term exposure of ASC-scaffold constructs to osteogenic medium. 57 Customization of medium and culture period will likely increase the effects.
Collagen upregulation and ECM deposition in C constructs in all culture media observed in this study may be a result of collagen type I stimulation of extracellular signalregulated protein kinase (ERK). 59 Coating cultureware with collagen increases ERK phosphorylation and expression of ALPL and BGLAP in human ASCs. 60 The results of this study are consistent with these earlier findings and may indicate that high collagen content scaffolds promote ASC osteoblastic differentiation and ECM production, but slightly less than scaffolds with both collagen and a mixture of inorganic minerals. The importance of this difference in patients with compromised bone formation may not be relevant long term, so upregulation of the specific signaling pathways discussed below may be the strongest mechanism for therapeutic improvements.
Scaffold effects on CNR1 and the TNFRSF11B/TNFSF11 ratio expression were the notable distinction among C and HT constructs cultured in O medium. The importance of CNR1 for MSC osteogenic differentiation has been established. It increases with MSC osteoblastic differentiation, 10, 61 and BMSCs from CNR1 knockouts have a reduced capacity for osteoblastic differentiation. 9 The role of CNR1 in bone homeostasis appears to be mediated primarily through adrenergic signaling and separate from the Wnt signaling pathway. 13, 62 Of importance to clinical translation is that lower CNR1 expression is associated with age-related bone loss and increased marrow adiposity. 9, 10 The ratio of TNFRSF11B/ TNFSF11 drives osteoblastic differentiation through increases in TNFRSF11B or decreases in TNFSF11 and TNFRSF11B expression is mediated through Wnt/b-catenin pathways. [63] [64] [65] [66] [67] [68] Disruption of the TNFRSF11B/ TNFSF11 ratio is more closely aligned with bone pathology versus bone aging associated with changes in CNR1 expression. 69, 70 In contrast to the CNR1 signaling pathway apparent in C constructs discussed above, an increase in TNFRSF11B/ TNFSF11 expression was consistently apparent in HT constructs. The source of the difference may be that HA increases low-density lipoprotein receptor-related protein 5 and b-catenin expression, and both stimulate canonical Wnt. [64] [65] [66] 71 Increased CNR2 expression after 14 days of culture in all media and constructs suggests less association with ASC osteogenesis than other genes. The role of CNR2 in the regulation of bone metabolism is not well defined, and existing information suggests both a supportive and an inhibitory effect of CNR2 on MSC osteogenesis. 10, 12, 72, 73 These results support the capability of human ASCs to be directed toward different osteogenic pathways by scaffold substrate characteristics. This information may help guide targeted research for distinct bone pathology. Local therapy based on predominant needs of the recipient may be a safe and effective alternative to systemic activation of both cannabinoid and Wnt signaling, which are both associated with serious side effects. 11, 68, [74] [75] [76] The complexity of and overlap between signaling pathways, however, requires further work to confirm distinct pathways at multiple levels between treatments. 63 The parallel outcome measures in this study indicate that HT scaffolds in osteogenic medium have the highest in vitro ASC osteogenesis followed closely by C. Further, osteogenesis appears to be mediated through distinct cell signaling pathways by C and HT scaffolds. This may indicate a significant value of considering patient characteristics when selecting bone grafts, especially when combining them with exogenous ASCs. Since underlying bone pathology may limit in vivo response to scaffolds with or without exogenous cells, the findings must be confirmed in vivo before general application. Nonetheless, it is possible that native osteogenesis may benefit more from some bone graft materials augmented by ASCs than others. Furthermore, this information creates a foundation for criteria to create autologous, viable bone grafts from adult ASCs to locally treat deficient bone-forming capacity.
